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Available online 23 April 2016AbstractThe work focused on the antibacterial and antifungal effect of 5-amino-2-mercapto benzimidazole (AMB), non-functionalized
and functionalized Ag3O4 nanoparticles. The synthesized non-functionalized (n-Ag3O4) and functionalized (f-Ag3O4) nanoparticles
particle sizes measured 18.72 and 29.11 nm respectively. The XRD results of samples exhibit shift in 2q values of most prominent
peaks due to surface functionalization of Ag3O4 nanoparticles with AMB. The surface functionalization of AMB on Ag3O4 nano-
particles further studied with FT-IR studies, which show the effective binding site is azomethine nitrogen evidenced from the shift of
bands at 1635 and 1615 cm1 in n-Ag3O4 nanoparticles to lower frequency region at 1629 and 1597 cm
1 in f-Ag3O4 nanoparticles.
The functionalization of Ag3O4 nanoparticles and surface morphology further confirmed with HR-SEM with EDAX results. The
antimicrobial effect of the non-functionalized and functionalized Ag3O4 nanoparticles dispersed in water was investigated. Anti-
microbial activities were evaluated against bacterial strain of Pseudomonas aeruginosa, Staphylococcus aureus, and fungi Asper-
gillus niger used in this work. The n-Ag3O4 nanoparticles exhibit excellent antibacterial and antifungal effect compared to f-Ag3O4
nanoparticles andAMB. The decreased effect of f-Ag3O4 nanoparticles is might be due to increase in particle size and the interaction
of silver oxide nanoparticles with bacteria membrane and intracellular proteins decreases with functionalization.
© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of University of Kerbala. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/chemical properties and represent an increasingly
important material in the development of novel nano-
devices which can be used in numerous physical,
biological, biomedical, sensors and pharmaceutical
applications [1e4]. A number of recent achievements
offer the possibility of generating new types of nano-
structured materials with designed surfaces for
enhanced antimicrobial applications [5,6]. The current
interest in the development of new antimicrobialn behalf of University of Kerbala. This is an open access article under
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emergence of bacterial resistance to antibiotic therapy
and to newly emerging pathogens [7,8]. Despite ad-
vances in antibacterial therapy, many problems remain
unsolved for most available antimicrobial drugs. A
review of the recent literature revealed that many
effective antimicrobial agents show a heterocyclic
moiety within their structure and, in particular, that
substituted benzimidazole, benzoxazole, and benzo-
thiazole derivatives bring different biological proper-
ties such as chemotherapeutical, antibacterial,
antifungal, and antiviral activities, with a low toxicity
for the antimicrobial therapeutic use in man. Benz-
imidazole derivatives are of wide interest because of
their diverse biological activity and clinical applica-
tions. This ring system is present in numerous anti-
parasitic, fungicidal, antioxidant, anthelmintic and
anti-inflammatory drugs [9e11]. However, the gen-
eral antimicrobial activity of benzimidazole derivatives
has not been extensively investigated. The silver oxide
nanoparticles possess a wide range of applications in
many fields due to its excellent antimicrobial activities,
good electrical and optical properties. It is well known
that silver ions and silver-based compounds are highly
toxic to microorganisms showing strong biocidal ef-
fects on as many as 16 species of bacteria including E.
coli [12e14]. Thus, silver ions, as an antibacterial
component, have been used in the formulation of
dental resin composites and ion exchange fibers and in
coatings of medical devices. Recently, Tiller and co-
workers showed that hybrids of silver nanoparticles
with amphiphilic hyper branched macromolecules
exhibit effective antimicrobial surface coatings [15]. In
the present investigation we report the synthesis of
highly stable silver oxide (Ag3O4) nanoparticles
endowed with significant antibacterial properties. In
addition Ag3O4 nanoparticles functionalized with 5-
amino-2-mercapto benzimidazole (AMB) to study the
change in antibacterial and antifungal effect due to
functionalization and compared with non-functional-
ized and neat AMB. Efforts have been made to un-
derstand the underlying molecular mechanism of such
antimicrobial actions. The effect of the nanoparticles
was found to be significantly more pronounced on the
gram-negative strains, irrespective of whether the
strains are resistant or not, than on the gram-positive
organisms. This work is evidence that surface func-
tionalization may also decrease the antimicrobial effect
of very good antimicrobial agent. For discussion non-
functionalized silver oxide nanoparticles referred as
n-Ag3O4, functionalized nanoparticles as f-Ag3O4 and
5-amino-2-mercapto benzimidazole as AMB.2. Materials and methods
2.1. Materials
The surface functionalized and non-functionalized
silver oxide (Ag3O4) nanoparticles have been synthe-
sizedusing silver nitrate (supplied bySigmaeAldrich), 5-
amino-2-mercapto benzimidazole and sodium hydroxide
pellets (supplied byMerck). All the chemicals have been
of analytical grades and usedwithout further purification.
2.2. Synthesis of Ag3O4 nanoparticles
In a typical synthesis, 90ml of 0.1M aqueous AgNO3
has been taken in a conical flask which has been fitted
inside a sonication bath operating at the frequency of
20 kHz and power of 2.5W/cm2. 90ml of 0.1M aqueous
NaOH has been added drop wise in the presence of ul-
trasonicwaves. On complete addition of the precipitating
agent, the resulting mixture turned light brown in color
which has been then subjected to ultrasonication for 8 h
during which no color change has been observed. The
solution has been then centrifuged and the precipitate has
been has washed with double distilled water to remove
any water soluble impurities and dried in oven at 60 C.
2.3. Surface functionalization of Ag3O4 nanoparticles
The surface functionalization of Ag3O4 nanoparticles
carried out by taking 2.0 g of Ag3O4 nanoparticles and
2 g of AMB in 40 ml ethanol have been stirred vigor-
ously using a magnetic stirrer for 3 h. After that, the
amine functionalized Ag3O4 nanoparticles have been
collected by filtration and rinsed three times with
acetone, further the sample dried under vacuum for 12 h.
2.4. Test microorganism and maintenance
The bacterial strains of Pseudomonas aeruginosa,
Staphylococcus aureus, and fungi Aspergillus niger
used in this work. These selected pathogenic strains
have been obtained from microbiological division
(Jayagen Biologics Analytical Laboratory, Chennai).
The Pathogenic bacteria strain under test was main-
tained on nutrient agar slants and stored at 4 C with
regular transfers at monthly intervals. For long pres-
ervation, the slants were folded with 25% glycerol.
2.5. Measurements
The synthesized of n-Ag3O4 and f-Ag3O4 nano-
particles were investigated by X-ray diffraction
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confirmation and particle size calculation using
DebyeeScherrer's formula. The functionalization of
AMB on silver oxide nanoparticles was analyzed by
FTIR spectroscopy (Nicolet Magna 550 FTIR spec-
trometer). The surface morphological changes were
evaluated using HR-SEM with EDAX (Model no.
S3400, Hitachi). The particle size analyzed with HR-
TEM, model Tecnai 20 G2 (FEI make), with resolu-
tion Line-1.8 Å, Point-2.40 Å.
2.6. Liquid suspension
The liquid suspensions of the samples AMB, n-
Ag3O4 and f-Ag3O4 nanoparticles were prepared by
dispersing them with deionized water in separate
containers. For antimicrobial assay a micropipette is
used to measure various concentrations of 20, 40, 60,
80 and 100 ml from the prepared liquid suspensions of
various samples.
2.7. Agar well diffusion antibacterial activity
The biological culture was performed using an agar
well diffusionmethod. Antimicrobial activities ofAMB,
n-Ag3O4 and f-Ag3O4 nanoparticles were performed
against both Gram-negative (P. aeruginosa) and Gram-
positive (S. aureus) bacteria. The antibacterial activity
was done by modified KirbyeBauer disk diffusion
method. In brief, the pure cultures of organisms were
subcultured inMu¨llereHinton broth at 35 C± 2 Con a
rotary shaker at 160 rpm. For bacterial growth, a lawn of
culture was prepared by spreading the 100 ml fresh cul-
ture having 106 colony-forming units (CFU)/ml of each
test organism on nutrient agar plates with the help of a
sterile L-rod spreader. Plates were left standing for
10 min to let the culture get absorbed. Then 8 mm wells
were punched into the nutrient agar plates for testing
nanoparticles antimicrobial activity. Wells were sealed
with one drop of molten agar (0.8% agar) to prevent
leakage of nanoparticles from the bottom of the wells.
Using a micropipette, 100 ml (50 mg) of the sample of
nanoparticles suspension was poured onto each of five
wells on all plates. After overnight incubation at
35 C ± 2 C, the different levels of zone of inhibition
were measured. Non-functionalized Ag3O4 nano-
particles and antibiotic tetracycline was used as control.
2.8. Agar well diffusion antifungal activity
For the antifungal assay, the ready-made potato
dextrose agar medium (Himedia, 39 g, Mumbai, India)was suspended in distilled water (100 ml) and heated
until it dissolved completely. The medium and glass
petri-dishes were autoclaved at a pressure of 15 Pascal
(Pa) for 20 min. The medium was poured in to sterile
petri-dishes under aseptic conditions in a laminar flow
chamber. When the medium in the plates solidified, a
fungal disk of A. niger at the center of Petri dish (90 mm
diameter) was located between the test materials. Agar
inoculation, cups were scooped out with 8 mm sterile
cork borer and the lids of the dishes were replaced. To
each cup, different concentrations of test solution were
added. Control was maintained with non-functionalized
silver oxide nanoparticles and amphotericin B. The
distance from fungal disk to the edge of the specimens
was fixed at 15 mm. The fungi were then incubated at
30 C for 7 days. The fungal growth area was observed.
3. Results and discussion
3.1. Structural analysis
The X-ray diffraction pattern of the non-function-
alized n-Ag3O4, f-Ag3O4 nanoparticles and JCPDS
pattern of Ag3O4 nanoparticles are shown in Fig. 1.
The most prominent peaks of n-Ag3O4 nanoparticles at
2q ¼ 33.48, 38.34, 55.58, 65.36 and 77.83, were well
matched with the standard pattern of JCPDS File No.
84-1261 [16]. There is no impurity phase observed,
suggesting that the high purity Ag3O4 nanoparticles
were obtained. The widened peak implies that the
particle size is so small with an average crystallite size
of 18.72 nm calculated using the DebyeeScherrer
formula [17]. The X-ray diffraction pattern of the
functionalized f-Ag3O4 nanoparticles shows consider-
able shift in 2q values of all prominent peaks as
tabulated in Table 1. The table also shows the particle
size, Miller indices and corresponding d-spacing
values. The results clearly exhibit the binding of AMB
with Ag3O4 nanoparticles and increase in particle size.
The particle size increases due to functionalization of
AMB on Ag3O4 nanoparticles, which is also a clear
evidence for effective binding of AMB on Ag3O4
nanoparticles. The average particle size calculated for
AMB functionalized Ag3O4 nanoparticles was found to
be 29.11 nm, calculated using DebyeeScherrer for-
mula. The particles might agglomerate during func-
tionalization, however the average particle size is
within the nano range. The SEM and EDAX images of
n-Ag3O4 were shown in Fig. 2a and b. Similarly the
SEM and EDAX images of f-Ag3O4 were shown in
Fig. 3a and b. The SEM results confirmed the particle
size of silver oxide nanoparticles n-Ag3O4 and f-Ag3O4
Fig. 1. (a) Powder XRD graph of n-Ag3O4 and f-Ag3O4
nanoparticles; (b) JCPDS pattern of Ag3O4 nanoparticles.
Table 1
Particle sizes calculated using DebyeeScherrer's formula for various prominent peaks of n-Ag3O4 and f-Ag3O4 nanoparticles.
n-Ag3O4 nanoparticles f-Ag3O4 nanoparticles
2q (h k l) d-Spacing Particle size 2q (h k l) d-Spacing Particle size
33.48 (0 3 1) 2.6746 24.74 38.34 (0 2 2) 2.3461 30.94
38.34 (0 2 2) 2.3461 20.48 44.41 (0 3 2) 2.0384 31.57
55.58 (2 1 2) 1.6523 15.73 64.41 (2 2 1) 1.4454 20.47
65.36 (0 4 3) 1.4266 22.60 77.83 (1 4 3) 1.2263 30.05
77.83 (1 4 3) 1.2263 10.00 81.51 (-3 1 1) 1.1799 32.49
Average particle size 18.72 Average particle size 29.11
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the TEM image shows smooth surface and increased
particle size of f-Ag3O4 nanoparticles compared to n-
Ag3O4 nanoparticles. The EDAX results of f-Ag3O4
nanoparticles show the presence of carbon, nitrogen
and sulfur which confirms the surface functionalization
of Ag3O4 nanoparticles with AMB and it was absent in
n-Ag3O4 nanoparticles.
3.2. FT-IR spectral studies
FT-IR spectra of AMB, n-Ag3O4 and f-Ag3O4 nano-
particles are given in Fig. 4. The FT-IR spectra of n-
Ag3O4 nanoparticles reveal two major peaks at
1652 cm1 and 1556 cm1 attributed to C]C stretchingmode of aliphatic rings. The sharp peak at 3363 andbroad
peak at 3189 cm1 in neat AMB sample attributed to
NeH (amine) and CeH (aromatic) stretching vibration.
ThereNeH (amine) band of f-Ag3O4 are absent or a very
less intense peak observed at 3362 cm1 but the CeH
(aromatic) band shifted to 3241 cm1 [18e20]. The
absence of band at 3362 and 2656 cm1 which corre-
sponds to stretching vibration of n (NeH) and n (SeH)
respectively, indicates the coordination of Ag3O4 nano-
particles to the AMB is through sulfur and nitrogen atom
via deprotonation. The characteristic band at 2953 and
2870 cm1 in neat AMB sample and at 2928 and
2852 cm1 in f-Ag3O4 nanoparticles is attributed toCeH
(aliphatic) stretching. The neatAMBexhibited amedium
intensity band at 2580 cm1 which was assigned to
stretching vibration of SeH group which indicates the
thiol form of the ligand, whereas it was absent in f-Ag3O4
nanoparticles that indicating that the ligand changes to
thione form. The band at 1635 and 1615 cm1 attributed
to n (eC]N) stretching vibration shifted to lower fre-
quency region 1629 and 1597 cm1 also the band
observed at 1526 cm1 in AMB was absent in f-Ag3O4
indicating coordination via azomethine nitrogen to the
metal center. The bands at 1370e1400 cm1 assigned to
eSeC stretching vibration of mercapto group. Then (CeO)phenolic stretching band at 1273 and1222 cm1
inAMB slightly shifts to higher frequency region at 1279
and 1223 cm1 in f-Ag3O4 nanoparticles, which in-
dicates the bonding through phenolic oxygen. The
doublet at 1198e1165 cm1 and 1129-e1115 cm1 in
AMB assigned to O]S]O group, but no such doublet
observed in f-Ag3O4 nanoparticles instead a singlet
observed at 1164 and 1128 cm1, which indicates the
effective binding of AMB with Ag3O4 nanoparticles. A
band appearing at 1030 cm1 in the spectrum of f-Ag3O4
nanoparticles has been assigned toeOCH3 group but the
same was absent in AMB. The coordination of the water
molecules to metal ions was further supported by the
appearance of bands in the region 853e871 cm1
attributed to rocking and wagging mode of water. The
Fig. 2. (a) HR-SEM image of n-Ag3O4 nanoparticles; (b) EDAX spectrum of n-Ag3O4 nanoparticles.
Fig. 3. (a) HR-SEM image of f-Ag3O4 nanoparticles; (b) EDAX spectrum of f-Ag3O4 nanoparticles.
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to eCeSeH stretching of the mercapto group [21e23].
The new peaks at 496 and 446 cm1 in f-Ag3O4 nano-
particles are attributed ton (AgeN) formation. The FTIR
result clearly explains the functionalization of AMB on
Ag3O4 nanoparticles.
3.3. Antibacterial activity
AMB, non-functionalized and functionalized Ag3O4
nanoparticles were tested for their in-vitro antibacterial
activity against gram-positive bacteria S. aureus and
gram-negative bacteria P. aeruginosa at 20e100 ml
concentration (Figs. 5 and 6). The in-vitro antimicro-
bial activity of the tested compounds was assessed byminimum inhibitory concentration (MIC) using the
broth dilution method (National Committee for Clin-
ical Laboratory Standards, 1982). Non-functionalized
Ag3O4 nanoparticles and AMB were used as control
for comparison and the data are presented in Table 2.
The results of antibacterial screening (Table 2) reveal
that surface functionalized nanoparticles displayed
decreased activity compared to non-functionalized
silver nanoparticles. Silver in the form of nanoparticles
release silver ions more effectively, has a high bacte-
ricidal activity due to its high surface-area-to-volume
ratio and the fact that it can be easily deposited on
solid materials for the deactivation of microorganisms.
The results showed that n-Ag3O4 and f-Ag3O4 nano-
particles exhibited a marked degree of activity against
Fig. 4. FT-IR graph of AMB, n-Ag3O4 and f-Ag3O4 nanoparticles
for band regions 2000e4000 cm1 and 400e1800 cm1.
Fig. 5. Antibacterial effect by Agar Well cut diffusion method against Pseudomonas aeruginosa of a) AMB b) n-Ag3O4 nanoparticles c) f-Ag3O4
nanoparticles.
Fig. 6. Antibacterial effect by Agar Well cut diffusion method against Staphylococcus aureus of a) AMB b) n-Ag3O4 nanoparticles c) f-Ag3O4
nanoparticles.
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inhibitory concentration (MIC) of 20 ml in comparison
to tetracycline, which was taken as a standard drug.
The MIC value of n-Ag3O4 and f-Ag3O4 nanoparticlesagainst gram-positive bacteria S. aureus found to be
20 ml and 80 ml respectively. AMB shows no antibac-
terial behavior for concentration 20e100 ml against
gram-positive bacteria S. aureus but possess an excel-
lent effect even for low concentration of 20 ml against
gram-negative bacteria P. aeruginosa. Compounds
possessing 2-hydroxy 4-methyl and 4-nitro sub-
stitutions on the phenyl ring showed remarkable
growth inhibition. Both the electron donating as well as
electron withdrawing groups present as substitutions
on the benzene ring attributed to the enhanced anti-
bacterial activity against gram-negative bacteria P.
aeruginosa. Generally antibacterial effect of antibac-
terial agent will be better against gram-negative bac-
teria than gram-positive bacteria due to the presence of
multilayered thick peptidoglycan layer in cell wall ofgram-positive bacteria but in gram-negative bacteria
the cell wall possess single layered thin peptidoglycan
layer. The interaction of silver oxide nanoparticles with
bacteria membrane and intracellular proteins,
Table 2
Zone of inhibition for antibacterial effect of AMB, n-Ag3O4 and f-Ag3O4 nanoparticles by Agar Well cut diffusion method.
S.no. Sample Staphylococcus aureus (in mM) Pseudomonas aeruginosa (in mM)
20 ml 40 ml 60 ml 80 ml 100 ml 20 ml 40 ml 60 ml 80 ml 100 ml
1 AMB e e e e e 14 14 17 18 18
2 n-Ag3O4 13 15 15 16 16 13 14 15 16 16
3 f-Ag3O4 e e e 7 8 7 9 10 10 11
Fig. 7. (a) TEM images of n-Ag3O4; (b) f-Ag3O4 nanoparticles.
Table 3
Zone of inhibition for antifungal effect of AMB, n-Ag3O4 and f-
Ag3O4 nanoparticles by Agar Well cut diffusion method.
S.no. Sample Aspergillus niger (in mM)
20 ml 40 ml 60 ml 80 ml 100 ml
1 AMB e e e 14 16
2 n-Ag3O4 7 12 13 14 16
3 f-Ag3O4 e e e e 7
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phosphorus-containing DNA, interferes with cell divi-
sion and causes cell death. So the decreased effect of f-
Ag3O4 nanoparticles might be due to the reduced
interaction of silver oxide nanoparticles with bacteriaFig. 8. Antifungal effect by Agar Well cut diffusion method against A
nanoparticles.membrane and intracellular proteins. In addition slight
increase in particle size due to functionalization of
Ag3O4 nanoparticles with AMB also attributed to
decreased antibacterial activity of f-Ag3O4 nano-
particles [24e26]. On the other hand, the antimicrobial
capability of n-Ag3O4 nanoparticles might be referred
to their small size which is 250 times slighter than
bacteria. This creates them stress-free to adhere with
the cell wall of the microorganisms causing its
destruction and leads to the loss of the cell. The
functionalised Fe2O3 particles aggregate so the particle
size is actually near the micro-meter, the interaction
between nanoparticles and cells is not apparently
observed. The increased size of nanoparticles was notspergillus niger of a) AMB b) n-Ag3O4 nanoparticles c) f-Ag3O4
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surface of the biofilm. Therefore, the Ag3O4 antimi-
crobial activity, slight increase in particle size due to
functionalization of Ag3O4 nanoparticles with AMB
decreased antibacterial activity of f-Ag3O4 nano-
particles. The TEM images of the n-Ag3O4 and f-
Ag3O4 nanoparticles are shown in Fig. 7a and b.
3.4. Antifungal activity
The target compounds AMB, non-functionalized
and functionalized Ag3O4 nanoparticles were also
evaluated for their antifungal activity against A. niger
by the agar well diffusion method (Margery Linday,
1962), using amphotericin B as control. The results are
summarized in Table 3. The antifungal activity results
(Fig. 8) indicate that non-functionalized silver oxide
nanoparticles are significantly toxic toward the fungi
under investigation with MIC value of 20 ml. The AMB
shows antifungal activity at higher concentration with
MIC value of 80 ml. However the surface functional-
ized Ag3O4 nanoparticles exhibit decreased antifungal
activity with MIC value of 100 ml, the decreased
antifungal activity is due to increased particle size and
decreased interaction of silver with biological mem-
branes particularly sulfur-containing membrane pro-
teins and phosphorus-containing DNA protein [27,28].
4. Conclusions
The surface modification of nanoparticles is ex-
pected to show some increased antimicrobial activities.
Here we witnessed a decrease in antimicrobial behavior
of surface functionalized silver oxide nanoparticles.
The synthesized unmodified n-Ag3O4 nanoparticles and
modified f-Ag3O4 nanoparticles particle sizes measured
18.72 and 29.11 nm respectively. The FT-IR analysis
shows band at 1635 and 1615 cm1 in n-Ag3O4 nano-
particles attributed to n (eC]N) stretching vibration
shifted to lower frequency region 1629 and 1597 cm1
in f-Ag3O4 nanoparticles indicating coordination via
azomethine nitrogen to the metal center. The effective
binding of AMB on Ag3O4 nanoparticles is confirmed
with HR-SEM and EDAX results. The surface modified
f-Ag3O4 nanoparticles shows decreased antibacterial
and antifungal effect compared to the unmodified n-
Ag3O4 nanoparticles. The major reason for decreased
antimicrobial effect is due to increase in particle size of
silver oxide nanoparticles and the decreased interaction
of silver oxide nanoparticles with bacteria membrane
and intracellular proteins, particularly sulfur-containing
membrane proteins and phosphorus-containing DNA,since cell damages occurs through this membrane
damage. The n-Ag3O4 nanoparticles exhibit excellent
antibacterial and antifungal effect compared to f-Ag3O4
nanoparticles and AMB. AMB exhibit excellent anti-
bacterial effect against gram negative bacteria P. aeru-
ginosa with MIC value of 20 ml and moderate
antifungal effect against A. niger with MIC value of
80 ml, whereas it does not show any antibacterial effect
against gram positive bacteria S. aureus even at higher
concentration of 80 ml.References
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